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Effects of the magnetic impurity Ni on the Cu-spin dynamics and superconductivity have been 
studied in La2-2;Sra;Cui_j;Niy04 with x = 0.13 changing y finely up to 0.10. Compared with the case 
of the nonmagnetic impurity Zn, it has been found from the muon-spin-relaxation measurements 
that a large amount of Ni is required to stabilize a magnetic order of Cu spins. However, the 
evolution toward the stabilization of the magnetic order with increasing impurity concentration is 
qualitatively similar to each other. The area of the non-superconducting and slowly fluctuating or 
static region of Cu spins around Ni has been found to be smaller than that around Zn, suggesting that 
the pinning of rather long-ranged dynamical spin correlation such as the so-called dynamical stripe 
by Ni is weaker than that by Zn. This may be the reason why Zn destroys the superconductivity in 
the hole-doped high- Tc cuprates more markedly than Ni. 



In the history of the study of high-Tc superconductors, 
the impurity effect on the Cu-spin dynamics and super- 
conductivity is one of central subjects. Especially, both 
nonmagnetic Zn^"*" (the spin quantum number 5 = 0) 
and magnetic Ni^+ (S* = 1) have been good candidates 
for the study of the impurity effect. It is widely recog- 
nized that local magnetic moments due to Cu spins are 
induced by Zn in the underdoped regime and that 
the superconductivity is strongly suppressed by Zn. 
On the other hand, both the induction of local magnetic 
moments and the suppression of superconductivity by Ni 
are weaker than those by Zn. Q In this regard, the ear- 
lier NMR and NQR measurements have revealed that Zn 
acts as a strong scatterer of holes while Ni acts as a weak 
scatterer 0, though the reason has not yet been clarified. 

The impurity effect on the dynamical stripe correla- 
tions of spins and holes suggested in the La-214 system 
has attracted great interest. From the experimental 0,13 
and theoretical |^ works, the dynamical stripe correla- 
tions have been proposed to be pinned and stabilized 
by the nonmagnetic Zn. The formation of such a static 
stripe order is considered to lead to the suppression of su- 
perconductivity, which is typically observed around the 
hole concentration of 1/8 per Cu (1/8 anomaly). 

Recently, we have investigated effects of Zn on 
the Cu-spin dynamics and superconductivity from the 
muon-spin-relaxation (/iSR) and magnetic-susceptibility 
X measurements in La2-7:Sr^Cui-„Zn„04 around x = 
0.115 changing y finely up to 0.10. It has 



been found that the volume fraction of the superconduct- 
ing region estimated from x decreases rapidly through 
the slight doping of Zn and that its y dependence cor- 
responds to the y dependence of the volume fraction of 
the fast fluctuating region of Cu spins estimated from 
the /iSR results. It has been concluded that the non- 
superconducting region induced around Zn corresponds 
to the region where the Cu-spin fluctuations slow down, 
in other words, both the slowly fluctuating region of Cu 
spins and the magnetically ordered one compete with the 
superconductivity. 

In this paper, wc investigate effects of Ni on the Cu- 
spin dynamics and superconductivity from the zero-field 
(ZF) fiSH and x measurements in the Ni-substituted 
La2-7:Sr^Cui ,,Ni„04 with x = 0.13 changing y finely 
up to 0.10. [13 Our aim is to clarify the difference of the 
impurity effect between the nonmagnetic Zn and mag- 
netic Ni. In particular, we try to clarify whether the 
above-mentioned model proposed in the Zn-substituted 
case is also applicable to the Ni-substituted case or not. 

Polycrystallinc samples of La2-a;Sra;Cui_yNij,04 with 
X = 0.13 and y = — 0.10 were prepared by a conven- 
tional solid-state reaction method. The detailed proce- 
dures were almost the same as those in the Zn-substitutcd 
case. ^3 of the samples were checked by the pow- 
der X-ray diffraction measurements to be single phase. 
The electrical resistivity was also measured to check the 
quality of the samples. The ZF-/xSR measurements were 
performed at the RIKEN-RAL Muon Facility at the 
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FIG. 1; ZF-fiSH time spectra for typical y values of 
La2-xST^Cui-yMy04 (M = Ni, Zn) with x = 0.13 at var- 
ious temperatures down to 2 K. Solid lines indicate the 
best-fit results using A(t) = Aoe"^o'Gz(A, t) + Aie^^i' + 
^2e"^2*cos(a;t + 0). 



Rutherford- Appleton Laboratory in the UK. The /iSR 
time spectrum, namely, the time evolution of the asym- 
metry parameter A(t) was measured down to 2 K to in- 
vestigate the Cu-spin dynamics. The x measurements 
were carried out down to 2 K using a standard SQUID 
magnetometer in a magnetic field of 10 Oe on field cool- 
ing, in order to evaluate the volume fraction of the su- 



perconducting region, [l^ 

Figure n displays the typical ZF-^SR time spectra of 
La2-2;Sr2;Cui_j,Nij,04 with x = 0.13 and y — — 0.10, to- 
gether with the Zn-substituted data reported in our pre- 
vious papers. At a high temperature of 15 
K or 20 K, all the spectra show little depolarization in the 
early time region from to 2 /isec, indicating almost no 
influence of Cu spins. In this case, only a Gaussian-like 
depolarization due to randomly oriented nuclear spins is 
observed. Focusing on the spectra at 2 K, the Gaussian- 
like depolarization is still observed in the non-substituted 
sample of y = 0, indicating a fast fluctuating state of Cu 
spins beyond the /iSR time window (10~^ — 10"^"'^ sec). In 
the Ni-substituted case, the muon-spin depolarization be- 
comes fast with increasing y(Ni), indicating slowing down 
of the Cu-spin fluctuations. Muon-spin precession corre- 
sponding to the formation of a coherent magnetic order 
is observed for ?/(Ni) > 0.02 and gradually develops up to 
?/(Ni) — 0.10. In the Zn-substituted case, the muon-spin 
precession starts to be observed at y{Zn) = 0.0075, and 
the magnetic order develops most at ?;(Zn) = 0.02. The 
muon-spin precession disappears for j/(Zn) > 0.03 and 
almost no fast depolarization of muon spins is observed 
at y{Zn) = 0.10, meaning that the static magnetic or- 
der is destroyed and that Cu spins are fluctuating fast 
beyond the /iSR time window. Compared with the Zn- 
substituted spectra, two important features are pointed 
out in the Ni-substituted spectra. One is that the evo- 
lution of the spectra with increasing y is qualitatively 
similar to each other for small y values, but the y value 
where the muon-spin precession starts to be observed is 
larger in the Ni-case than in the Zn-case. The other is 
that a large amount of Ni does not destroy the magnetic 
order, whereas a large amount of Zn destroys it. 

The time spectra are analyzed with the following 
three-component function: A{t) = Aoe^^°*G2(A, t) -|- 
Aie~^^^ + yl2e~^^*cos(a;< + (f>). The first term represents 
the slowly depolarizing component in a region where Cu 
spins are fluctuating fast beyond the /iSR time window 
{Aq region). The second term represents the fast depo- 
larizing component in a region where the Cu-spin fluc- 
tuations slow down and/or an incoherent magnetic order 
is formed (^i region). The third term represents the 
muon-spin precession in a region where a coherent static 
magnetic order of Cu spins is formed {A2 region). The 
Aq, Ai, A2 and Aq, Ai are the initial asymmetries and de- 
polarization rates of each component, respectively. The 
Gz(A,f) is the static Kubo-Toyabe function describing 
the distribution of the nuclear-dipole field at the muon 
site. |l4j The A2, OJ and (f> are the damping rate, frequency 
and phase of the muon-spin precession, respectively. The 
time spectra are well fitted with the above function, as 
shown by solid lines in Fig. ^ 

Using the best-fit values of ^0, Ai and A2, we can 
estimate volume fractions Vao, Vai, Vaj of the Aq, Ai, 



A2 regions, respectively, [ill ll^ From the x measure- 
ments, the volume fraction Vgn of the superconducting 
region can be estimated. [Tllll^ Figure |21 displays the 
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FIG. 2: (color) Dependence on y of Vaq (black circles), Vai 
(red squares) and Va2 (green diamonds) estimated from the 
fj,SK measurements in La2-i!Sra;Cui_j,Niy04 with x = 0.13. 
Error bars of each marks are derived from the errors of fitting 
using the function mentioned in the text. Dependence on y 
of Vsc (blue circles) estimated from x is also plotted. Solid 
lines are to guide the reader's eye. 



Ni-concentration dependence of Vaq , Vaj , and Vsc 
at 2 K in La2-a;Sra;Cui_yNij^04 with x = 0.13. The Vaq 
is 100 % at y = 0, indicating that all the Cu spins are 
fluctuating at high frequencies. With increasing y, Vaq 
rapidly decreases and Vai increases, indicating slowing 
down of the Cu-spin fluctuations and/or the formation 
of an incoherent magnetic order. In fact, increases 
instead of Vai for y > 0.01. At y = 0.05, Vaq becomes 
zero and almost all the Cu spins become static and are 
magnetically ordered. The magnetically ordered state 
seems to be maintained up to j/ = 0.10. It is found that 
the y dependence of Vsc is in rough agreement with that 
of Vaq, which is similar to the Zn-case. ^3, ^2 These 
results strongly suggest that, even in the Ni-case, the su- 
perconductivity is realized in the region where Cu spins 
fluctuate fast beyond the /iSR time window. In other 
words, it appears that Cu spins in a non-superconducting 
region around Ni exhibit slowing down of the fluctuations 
or form an incoherent or coherent static order. 

As seen in Fig. |21 the change of Vaqj ^2 and 

Vqc with increasing y for small y values in the Ni-case 
is analogous to that in the Zn-case. Figure |3|[a) 

shows the dependence of Vsc on y, normalized by the 
value of j/c where Vsc is extrapolated to be zero in the 
Ni- (yc(Ni) = 0.0540) and Zn- (2/c(Zn) = 0.0206) cases. 
Apparently, Vsc 's in the Ni- and Zn-cases are located on 
the same line. Furthermore, as shown in Fig. Olb), Vao, 
Vai and Va2 in the Ni-casc arc also in rough correspon- 
dence to those in the Zn-casc, respectively. These give an 
important information that the evolution toward the for- 
mation of the magnetic order with increasing impurity 
concentration is similar between the Ni- and Zn-cases. 
That is, changes of the hole and Cu-spin states with in- 
creasing impurity concentration are independent of the 
magnetism of impurities for y < yc, though the value of 
yc depends on the impurity. 




FIG. 3: (color) Dependence on y, normalized by the value of 
yc where Vsc is extrapolated to be zero, of (a) Vsc and (b) 
Vaq (circles), Vai (squares) and (diamonds) at 2 K for 
La2-iSriCui_j;(Ni, Zn)j;04 with x — 0.13. Solid lines are to 
guide the reader's eye. 



Figure ^displays schematic pictures of the spatial dis- 
tribution of the Aq and Ai regions for y = 0.0025 in 
La2-2;Sr2;Cui_j,(Ni, Zn)j,04 with x = 0.13, on the as- 
sumption that Cu-spin fluctuations slow down around 
each Ni and Zn. The size of circles is calculated from 
the ratio of Va,,: ^Ai and £,ab is the radius of the Ai 
region, namely, a slowly fluctuating and/or incoherent 
magnetically ordered region of Cu spins. The value of 
iab is estimated as ~ 25A in the Ni-casc and 36A in 
the Zn-case. It is apparent that the Ai region is smaller 
around Ni than around Zn. Accordingly, Ai regions cover 
the almost whole Cu02 plane in the Zn-case, while ^0 
regions corresponding to the fast fluctuation of Cu spins 
still remain extensively in the Ni-case. These indicate 
that, through the 0.25 % substitution of impurities, V^c 
in correspondence to Vaq rather survives in the Ni-case 
while it is strongly diminished in the Zn-case. 

In our previous papers, 0, 0| the Cu-spin state of 
the non-superconducting region around Zn has been dis- 
cussed in terms of the pinning of the dynamical spin cor- 
relation such as the dynamical stripe. The ^ab is the 
largest at a; = 0.115 in La2-2;Sr2;Cui_yZnj,04, which is in 
accordance with the results that the correlation length of 
the dynamical spin correlation estimated from the inelas- 
tic neutron scattering measurements is the largest around 
X = 0.115. ^1 Therefore, it has been concluded that the 
dynamical spin correlation such as the dynamical stripe 
is pinned and stabilized by Zn. Based on this conclusion, 
it is likely that the dynamical spin correlation such as 
the dynamical stripe is pinned and stabilized by Ni as 
well. The reason why the pinned Ai region around Ni is 
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FIG. 4: (color) Schematic pictures of the spatial distribution 
of the different Cu-spin states in the Cu02 plane, namely, 
the Ao and Ai regions in La2-a;Sra;Cui_yMj;04 (M — Ni, Zn) 
with a:: = 0.13 and y = 0.0025. Each crossing point of the grid 
pattern represents the Cu site. Ni or Zn atoms are randomly 
distributed in the Cu02 plane. The mean distance of Zn- 
Zn or Ni-Ni is ~ 76 A. The size of circles is calculated from 
the ratio of Vaq'- Vai in the Ni- and Zn-substituted cases, 
respectively. 

smaller than that around Zn may be explained in terms 
of the stripe model as follows. In the case of the dy- 
namical stripe correlations, two cases of the pinning may 
be supposed; one is that Ni or Zn is located at a charge 
(hole) stripe and the other is at a spin stripe. Consid- 
ering the exchange interaction between Cu spins J and 
the transfer integral of holes t, the difference of the en- 
ergy loss between two cases may be smaller in the Ni-case 
than in the Zn-case because of the difference in S between 
Ni2+ {S = 1) and Zii^+ {S = 0). This means that Zn 
pins the dynamical stripe correlations more effective than 
Ni. Supposing the dynamical stripe correlations exist in 
a wide range of hole concentration where the supercon- 
ductivity appears, ^3 this may be the reason why Zn 
destroys the superconductivity in the hole-doped high- Tc 
cuprates more markedly than Ni. Moreover, the fact 
that Zn acts as a strong scatterer of holes may be ex- 
plained as the strong pinning of the dynamical stripe by 
Zn. 

Finally, we discuss the Cu-spin state for y(Ni) > 0.05. 
As shown in Fig. 13 is above 90 % even at y(Ni) 
= 0.10, meaning that the coherent static magnetic order 



is maintained up to 2/(Ni) = 0.10. In the Zn-case, on 
the contrary, the magnetic order is destroyed at y(Zn) 
= 0.10 owing to the spin-dilution effect of the nonmag- 
netic Zn2+. la Em 113 As for the internal field iJint 
at the muon site, calculated from lu as Hi^t = ujj^^ (7^: 
the gyromagnetic ratio of the muon spin), it is ~ 150 
gauss and ~ 130 gauss at ?/(Ni) = 0.03 and ?/(Zn) = 0.03, 
respectively. These suggest that a similar magnetic or- 
der is formed at y ^ 0.03 in both Ni- and Zn-cases. 
This is reasonably understood in terms of the above- 
mentioned stripe-pinning model. With increasing y(Ni), 
i/int increases gradually and reaches ~ 270 gauss at y(Ni) 
= 0.10. The inclusion of Ni2+ (S* = 1) in the Cu2+ 
[S = 1/2) sea may cause an increase of the mean value 
of 5, leading to the increase of -ffint up to 270 gauss. As 
for A2 , it is almost similar to each other in the Ni- and Zn- 
cases at y ~ 0.03. However, A2 increases with increasing 
?/(Ni) for ?/(Ni) > 0.03, suggesting that a large amount 
of Ni tends to depress the coherency of the magnetic or- 
der. Therefore, the magnetic order for ?/(Ni) ~ 0.10 may 
be regarded as a precursory state toward the spin-glass 
state, which is reminiscent of that observed from the x 
measurements in La2-£!;Sra;Cui_yNij,04 with x ~ 0.08 
and y > 0.2. [3 Based on the stripe model, it is possi- 
ble that the less coherent magnetically ordered state for 
y(Ni) ~ 0.10 is a slightly disordered stripe state. 

In conclusion, compared with the case of the nonmag- 
netic impurity Zn, a large amount of Ni is required to 
stabilize a magnetic order of Cu spins. However, the 
evolution toward the stabilization of the magnetic order 
is qualitatively similar to each other. The area of the 
non-superconducting and slowly fluctuating or static re- 
gion of Cu spins around Ni is smaller than that around 
Zn, suggesting that the pinning of the dynamical spin 
correlation such as the dynamical stripe by Ni is weaker 
than that by Zn. This may be the reason why Zn de- 
stroys the superconductivity in the hole-doped high- Tc 
cuprates more markedly than Ni. While the magnetic 
order is destroyed through the 10 % substitution of Zn, 
it is maintained through the 10 % substitution of Ni. A 
slightly disordered stripe state may be realized for y(Ni) 
- 0.10. 
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